Abstract-A shape-shifting robot with diverse configurations, named "AMOEBA-I" has been developed for search and rescue tasks. The accessibility of this robot to uneven environments was efficiently enlarged by changing its configurations. In this paper, for optimizing the path of the robot through an environment containing static polygonal obstacles we present an adaptive path planning method for the AMOEBA-I, which integrates the reconfigurable ability of the robot into the particle swarm optimization (PSO). The unique accessibility of the AMOEBA-I is thus fully displayed. The modified PSO method can reduce the computational load and has certain degree of robustness on selecting dimension of particles. It can generate smooth paths by string of cubic splines. Experiment results show that the robot can change its configurations to perform the adaptive path planning corresponding to the environmental variation and current reconfigurable ability of AMOEBA-I. As a result, the path length has been reduced successfully and effectively.
INTRODUCTION
Disasters happen frequently for the reason of earthquake, terrorist activities, and so on. The survivors can be searched and received timely treatment within 24 hours after the disaster, and the survival rate is high. Therefore the rescue activities should be started quickly. Robots can effectively help people to deal with affairs in the dangerous environment. Thereby they can reduce kinds of risks that the associated personnel might suffer. For example, robots are used to find and rescue victims in the 9.11 attack. The reconfigurable mobile robot with automatic reconfigurable ability can take up the search and rescue task by changing the configurations to adapt to the dangerous, unknown and non-structural environment. Therefore, the research on reconfigurable mobile robot has attracted a lot of researchers [1] [2] [3] [4] .
One of the interesting research topics in this area is path planning, which determines whether a robot can complete tasks on time in the complex environment. All path planning methods are supposed to find a barrier-free path from an actual position S of the controlled robot to a desired goal position G [5] . So far, many path planning methods have been studied, such as Artificial Potential Field Method [6] , Rolling Path Planning Method [7] , Genetic Algorithm [8, 9] , Ant Colony Algorithm [10] and Visibility Graph [11] . Each method has its own strength over others in certain aspects.
There is no doubt that path planning can be viewed as an optimization problem, and the requirements of a path can be described by some evaluation functions, such as the shortest distance under collision-free condition. Particle swarm optimization (PSO) was developed in 1995 [12] , it has been used in solving optimization problems successfully. Because PSO is flexible for many different problems' formulation and can escape the local optimum of the given problem easily, now it becomes a very important method for path planning [13, 14] .
For the need of disaster relief, AMOEBA-I [15, 16] is designed as a three-module shape-shifting robot. At present, most of the path planning methods are aimed at the traditional fixed-structure robots, without considering the influence of robot configuration change on path planning, thus they can not satisfy the requirement of path planning for the shape-shifting robot. According to the characteristics of the shape-shifting robot, in this paper, we present an adaptive path planning method which integrates the reconfigurable ability of the robot with the modified PSO method. The unique accessibility of the shape-shifting robot is fully displayed. And the new method is able to generate a safe smooth path by using cubic splines. Experiment results show that the robot can change its own configuration to adapt to current environment. Thus, it can reduce the path length effectively.
II. PLATFORM OF THE SHAPE-SHIFTING ROBOT
The shape-shifting robot is a link-type structure with three modules, as shown in Fig. 1 . The shape-shifting robot is a 7-DOF system. AMOEBA-I can automatically change configuration to adapt to various environments and tasks. As shown in Fig. 2 , AMOEBA-I has nine kinds of locomotion configurations, all of which have all their tracks contacting the ground in parallel. And three of them are common configurations: the configuration "L" in Fig. 2(a) , the configuration "d" in Fig. 2(c) , and the configuration "T" in Fig. 2 (e). 
III. PSO DESCRIPTION
Particle swarm optimization is a stochastic optimization method based on the simulation of the social behavior of bird flocks or fish schools. Therefore, it is a populationbased algorithm similar to the evolutionary algorithms. The algorithm utilizes swarm intelligence to find the best place in the search space.
Each particle i is represented as a D-dimensional position vector x i (t) and has a corresponding instantaneous velocity vector v i (t). It updates its position according to the following formulas:
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(2) where the parameter w is called inertia weight. It decreases linearly from w start to w end during the iterations. The coefficient c 1 and c 2 are learning parameter. The random function rand() is uniformly distributed in [0, 1] and represents the stochastic behavior of the algorithm. Furthermore, p i is the best previously obtained position of the particle i by now, and p g is the best position in the entire swarm. The term c 1 rand()(p i (t 1) x i (t 1)) is associated with cognition, as it takes into account only the best position of the particle's own experience. The term c 2 rand()(p g (t 1) x i (t 1)) represents the social interaction of the particles.
The updating formulas (1) and (2) are applied during each iteration and the p i and p g values are updated simultaneously. The algorithm can also be terminated when a specified number of iterations have been exceeded or the velocity updates are close to zero over a number of iterations.
IV. ADAPTIVE PATH PLANNING

A. Problem Description
Supposing that the shape-shifting robot moves in a twodimension restricted environment, in which there are a large number of polygonal obstacles, whose shapes are irregular. Moreover, the shape-shifting robot has the reconfigurable ability to adapt to various environments, so the influences of robot's reconfiguration on path planning must be considered. The start position of the robot is marked with S in the XOY coordinate system and the goal position is G, as shown in In Fig. 3 , the whole search region is divided into n subregions r i (1 i n), each of which corresponds to a viapoint p i within it. Each via-point p i has its own unique coordinate (x pi , y pi ) in XOY coordinate system. The startpoint S is defined as p 0 whose coordinate is (x p0 , y p0 ) and the goal-point G is defined as p n+1 whose coordinate is (x pn+1 , y pn+1 ) in XOY coordinate system. A short and safe adaptive path of the shape-shifting robot is found by via-points defined as (p 1 , …, p i , …, p n ), 1 i n, the link-lines of which form robot path defined as (S, p 1 , …, p n , G). Where p i is not-obstacle points and there are no obstacles between p i and its neighbours.
Because each p i has a certain search sub-region r i , so the search has certain flexibility, and it will not happen that some via-points gather in a very small region. Moreover, this method can decrease the dimension of the particles effectively, thereby can reduce the calculation load and accelerate the searching speed of the algorithm.
B. Cubic Splines
The benefit of a smooth path is that it is easy to design a control method to enable a mobile robot to follow a smooth path. Since the path is smooth, it can be described by a cubic spline. Splines can be easily implemented and smoothly connected together. The cubic spline in each short interval [x pi , x pi+1 ], is defined by (3): (3), h i =x pi+1 x pi can be supposed, and the symbols is introduced.
Then the followed equations can be obtained:
Then n linear equations about n+2 unknown variables m 0 , m 1 , …, m n+1 are obtained. The boundary requirements of the path can be expressed as: 
where pi represents the heading angle of the robot at p i , and pi+1 represents the derivative of the end of the path between p i and p i+1 . Thus unique solutions of m 0 , m 1 , …, m n+1 can be obtained.
C. Fitness Evaluation
The requirement of the shape-shifting robot's path planning is that the robot can change its own configurations to find a collision-free adaptive path according to the environmental variation. Therefore the goal of PSO is to find a good fitness function to describe the requirement, so that path planning can be transformed to an optimization problem. Here a fitness function is proposed with respect to three requirements: a) avoiding obstacles; b) arriving at goal along the smooth trajectory; c) adapting environment.
The path length L can be computed using the follow equation: In our approach for path planning using PSO, fitness function in this form was used:
where is a parameter related to the configurable width of the shape-shifting robot. It not only determines the least width of the robot's configuration but also determines the influence of the obstacles and variables L and d describe qualities of the each particle. d is defined as the minimal distance between the robot trajectory and the obstacle:
where K is the number of obstacles. d (i+1)kmin is the minimal distance between the obstacle and the path S i+1 (x).
D. Configuration Option
Each kind of configuration of the shape-shifting robot has its own advantages, for example, configuration "T" has good stability and flexible turning ability. It is usually used in movement. The accessibility of configuration "L" is better than configuration "d", but its turning ability is inferior to configuration "d". Therefore the robot uses different configurations to strengthen its adaptability in path planning according to the environmental variation. In fitness function (9), ( /d) 2 can adjust the appropriate distance between obstacle and robot configuration. The robot changes configuration according to the minimal distance d min between obstacle and the current position of the moving robot when the robot moves along the planned path. So that the configuration option is defined as: Thus the robot can automatically select a proper configuration that satisfies the distance between two obstacles.
For example, the shape-shifting robot has configuration "T" and "d". It changes its own configuration to choose the nearer path l 2 and pass through obstacles according to the current environment, as shown in Fig. 4 . 
V. SIMULATIONS
The effectiveness of the presented planning approach is demonstrated by simulation. The PSO parameters for all experiment are as shown in Table 1 . 
A. Adaptive Path Planning
Three simulations have been done in the same complex environment with polygonal obstacles according to the PSO proposed, as shown in Fig. 5, Fig. 6 and Fig. 7 . Here different settings of the influence reconfigurable ability of the shape-shifting robot. 5 shows that when the shape-shifting robot only has configuration "T", the parameter is 10, the robot only chooses the path through which configuration "T" can pass. By using the modified PSO method, the robot with the fixed configuration "T" can find and complete path planning efficiently in the environment with polygonal obstacles. 6 shows that when the parameter is 8, the robot has two kinds of configurations "T" and "d". Therefore it can change its own configuration to perform adaptive path planning effectively corresponding to the environmental variation, after integrating the reconfigurable ability of the robot into the modified PSO algorithm. When the robot passes through narrow space, it can transform its own configuration from "T" to "d" automatically.
After comparing Fig. 5 with Fig. 6 , we find that the shape-shifting robot with reconfigurable ability has environmental adaptability by using the modified PSO method. And the path length has been reduced effectively. 7 shows that the modified PSO method has strong adaptability. Even if the reconfigurable ability of the shapeshifting robot changes, the method can still find the optimal path, which is suitable for the current reconfigurable ability of the robot, according to present environment. Here is 6. Fig . 8 shows the results of path planning by setting different search sub-regions n, equivalent to different dimensions of particles, in appointed search region and the same iterations. Here we see that n has slight influence on the final result of the path planning, but all the paths are better and safer. Therefore the modified PSO method has certain degree of robustness on search sub-region division and selected dimension of particles. Potential Field Visibility Graph modified PSO S G Figure 9 . Solving situation with concave polygon obstacle by different approaches Fig. 9 shows an example of path planning in an environment with concave polygon obstacle by using diverse path planning methods. This situation demonstrates that the Potential Field approach does not find a path to arrive goal. Some modified Potential Field methods try to avoid the local minimums, but they prolong the computational time and increase the path length. Visibility Graph can find the feasible path, but it is not clear how to determine growing size of the obstacles in an optimal way, and due to sharp turn it had to move unfavorably, especially for car-like robots. Modified PSO method finds short and smooth path and avoids the obstacle successfully, even a collision free path did not exist in the initial population.
B. Comparison
VI. CONCLUSIONS
According to the characteristics of AMOEBA-I, we present an effective adaptive path planning method that integrates the reconfigurable ability of the robot into the modified PSO to realize the adaptive path planning. The new method can reduce the computation load and has strong capability of acclimatization, meanwhile it is easy to implement and has the ability to escape the local optima. The cubic splines are introduced to generate a smooth path to avoid obstacles. Experiment results have shown that the robot can find and perform the adaptive path planning, corresponding to the environmental variation and current reconfigurable ability of AMOEBA-I. And the path length has been reduced effectively. Especially for the narrow space, the unique accessibility of AMOEBA-I is well displayed. In addition, the modified PSO method has certain degree of robustness on search sub-region division and selected dimension of particle. Therefore, the validation of the adaptive path planning method is demonstrated.
